Current models in skeletal muscle biology do not fully account for the breadth, causes, and consequences of phenotypic variation among skeletal muscle groups. The muscle allotype concept arose to explain frank differences between limb, masticatory, and extraocular (EOM) muscles, but there is little understanding of the developmental regulation of the skeletal muscle phenotypic range. Here, we used morphologic and DNA microarray analyses to generate a comprehensive temporal profile for rat EOM development. Based upon coordinate regulation of morphologic/gene expression traits with key events in visual, vestibular, and oculomotor system development, we propose a model that the EOM phenotype is a consequence of extrinsic factors, that are unique to its local environment and sensory-motor control system, acting upon a novel myoblast lineage. We identified a broad spectrum of differences between the postnatal transcriptional patterns of EOM and limb muscle allotypes, including numerous transcripts not traditionally associated with muscle fiber/group differences. Several transcription factors were differentially regulated and may be responsible for signaling muscle allotype specificity. Significant differences in cellular energetic mechanisms defined the EOM and limb allotypes. The allotypes were divergent in many other functional transcript classes that remain to be further explored. Taken together, we suggest that the EOM allotype is the consequence of tissue-specific mechanisms that direct expression of a limited number of EOM-specific transcripts and broader, incremental differences in transcripts that are conserved by the two allotypes. This represents an important first step in dissecting allotype-specific regulatory mechanisms that may, in turn, explain differential muscle group sensitivity to a variety of metabolic and neuromuscular diseases.
INTRODUCTION
Patterned co-variation of contractile protein isoforms and energetic mechanisms defines four muscle fiber types (I, IIA, IIX/D, and IIB) that are highly conserved among mammalian skeletal muscles (4, 8, 52, 77) . Fiber type content is, in turn, a determinant of muscle group heterogeneity in contraction speed and fatigue resistance. Despite the value and durability of the fiber type concept, muscles still exhibit inherent differences not easily explained by variations in relative content of stereotypical fiber types. An integrated model of skeletal muscle biology requires an understanding of the breadth, causes, and consequences of phenotypic variation among skeletal muscle groups.
The muscle allotype concept arose as a framework to account for the breadth of phenotypic diversity available to skeletal muscle (23, 24) . Allotype identities appear to be resident in muscle precursor cell populations, but the expression of allotype-specific traits apparently is dependent upon interactions between precursor cells of specific lineage with motoneuron pools that provide appropriate activation patterns. Three allotypes were defined on the basis of their potential to express specialized myosins: masticatory (super fast myosin), extraocular muscle (EOM; Myh13) and limb (no allotype-specific myosins). Allotype heterogeneity is, however, not limited to myosin heavy chain content. EOM, for example, is further adapted due to its eye movement role. Some central concepts in muscle biology, such as the established fiber type classification schemes and M-line/creatine kinase system, do not apply to EOM (1, 53, 63) . Instead, EOM is comprised of six allotype-specific fiber types, including two non-twitch, multiply innervated types, and expresses embryonic, neonatal, cardiac, and tissue-specific protein isoforms that are atypical of adult skeletal muscle (27, 30, 44, 53, 55, 71, 75, 81) . Recent expression profiling studies have further shown that adult EOM is fundamentally distinct from the limb and masticatory muscle allotypes (12, 18, 36, 60) ; these data suggest that allotype specificity may be defined by more than simple differences in myosin heavy chain expression patterns.
Myogenic mechanisms underlying allotype specificity are poorly understood. In limb, distinct myoblast populations and regulatory pathways give rise to type I and II myofibers (9, 45, 73) , and hypaxial and epaxial muscle precursors differentially activate regulatory genes (16, 17) . Since the allotype concept highlights differences between craniofacial and spinal muscles, rostrocaudally distributed regulatory cascades may be mechanistic in muscle divergence (46, 51, 76) . As yet, few transcription factors have been linked to muscle group identities (e.g., Lbx1-forelimb extensors, Mox2-appendicular muscle, En2 and MyoR/Tcf21-masticatory muscle, and Pitx2-EOM) (14, 19, 39, 40, 42, 72) . Other than these data, there has been little research geared toward understanding the full scope of developmental processes behind skeletal muscle allotypes.
Allotype heterogeneity has significant consequences. Differential responses to inherited metabolic and neuromuscular diseases are seen both between and within muscle allotypes.
Most myopathies target the limb allotype, but have an unexplained predilection for proximal muscles, and the rarer distal myopathies exhibit their own distinctive patterns of muscle targeting. Likewise, muscular dystrophies produce allotype-related phenotypes not predictable by current knowledge of the localization and functions of disease gene products.
Since many neuromuscular diseases are not fully penetrant, and targeted muscle groups vary widely, it may be impossible to fully understand disease mechanisms without in depth knowledge of muscle group diversity and its impact on disease.
Due to its exceptional phenotype and disease responsiveness, EOM may provide insights into the breadth, causes, and consequences of muscle group-specific identities.
EOM resistance to muscular dystrophy and particular sensitivity to myasthenia gravis have been ascribed to constitutive, rather than adaptive, differences from the limb allotype (31, 53, 60, 65) . Determination of the precise mechanisms underlying such exceptional patterns of sparing or involvement in neuromuscular disease may provide important clues to pathogenesis and identify new treatment strategies.
We have proposed that the highly specialized EOM allotype is a consequence of a novel myoblast lineage interacting with extrinsic factors during a postnatal critical period of development (5, 7, 12, 57) . Here, DNA microarray was used to identify conserved and muscle-group specific transcriptional patterns during the critical period of EOM development.
These data represent an important first step in determining how genetic and epigenetic factors shape the differentiated muscle allotypes.
MATERIALS AND METHODS

Animals and tissues.
Muscles were from Sprague-Dawley rats (Harlan, Indianapolis, IN) euthanized with CO 2 at postnatal days 0 (P0), P7, P14, P21, P28 and P45. Animal procedures received prior Institutional Animal Care and Use Committee approval.
Electron microscopy. Rats were perfused with physiological saline followed by 1% paraformaldehyde/2% glutaraldehyde fixative solution in 0.1 M phosphate buffer. EOMs were removed, postfixed in 4% glutaraldehyde fixative solution, followed by 1% osmium tetroxide in 0.1 M phosphate buffer, and processed into plastic resin following standard procedures (6) . Some muscles were processed for visualization of neuromuscular junctions using acetylcholinesterase histochemistry. Sections were examined and photographed using a Zeiss 10C electron microscope.
DNA microarray. To minimize inter-litter/animal variability, muscles were pooled from multiple rats for each of three independent replicates/age/muscle group. EOM samples included all rectus and oblique muscles, while gastrocnemius and soleus muscles were pooled as representative of hindlimb muscle. Tissues were snap frozen in liquid N 2 and stored at -80ºC. cRNA was prepared for use on Affymetrix (Santa Clara, CA) RG-U34A arrays, as described (36, 60-62, 65, 66 
Real-time quantitative PCR (qPCR).
The same samples used for microarray were used for qPCR. One µg of total RNA was reverse transcribed using oligo dT primer (Invitrogen).
One µl of cDNA was diluted (1:6 to 1:10) and then used for qPCR. Primers used for qPCR were 
RESULTS AND DISCUSSION
Adult EOM is divergent from other skeletal muscles (12, 18, 36, 60) . We addressed the Microvascular content increased rapidly after P21. The two muscle layers and six myofiber types characteristic of adult EOM (see (53, 75) ) were recognizable by P28 (Fig. 1, I and J).
Myofiber development between P28 and P45 was largely restricted to increases in diameter and mitochondrial content.
Using the ultrastructural data collected here, and information from other sources (6, 20, 43, 48, 55, 56, 58, 75, 79) , we constructed an integrated developmental profile for EOM ( Fig. 2A) . Overall, the primary and secondary waves of myogenesis that typify skeletal muscle are conserved in EOM (6, 48, 54, 56) . The distinctive EOM multiply innervated fibers emerged early (P7 to P14), in the absence of any extrinsic cues from visually driven eye movements, but maturation of all fiber types continued through the visual critical period.
Temporal patterning of EOM myogenesis is, in part, directed by visual-and vestibular-driven eye movements, since maldevelopment of either sensory system impairs EOM development (5, 7). Overall, postnatal EOM morphogenesis temporally lags behind that of most other muscles (34, 41) , most likely due to the delay in onset of purposeful eye movements until after eyelid opening (~P12). An integrated developmental profile ( Fig. 2 ) provides a framework for interpretation of postnatal gene expression dynamics.
Dynamic gene expression profile of postnatal EOM. A temporal expression series was
obtained for EOM at six stages between birth (P0) and adult (P45). Time points were based upon major cellular, anatomic, and physiologic events in EOM and oculomotor motoneuron development ( Fig. 2A ). We used a novel strategy to identify transcripts exhibiting dynamic postnatal changes ( 2-fold compared to a P0 baseline). Averaged normalized hybridization signal data from RMA were used as input for CAGED, an algorithm designed to extract and cluster genes with similar temporal patterns (69) . CAGED generated 21 distinct clusters, containing 754 differentially regulated transcripts, in postnatal EOM ( Fig. 3 and Supplemental Table 1 ).
The EOM series exhibited three major temporal patterns (Fig. 3A) . Group I comprised 10 clusters (n = 302 transcripts) that were upregulated from birth. P14 was an inflection point, between a rapid rise and plateau in expression level, for the majority of Group I clusters Table 1 and Fig. 3B ). We did, however, identify 241 transcripts that were ESTs (7 with ± 8-fold changes during the developmental series); this subset is of interest for future studies since it is likely to contain unidentified genes that may be novel to EOM.
Genes associated with transcription, cell signaling, cell cycle/cell death, cell surface/cell adhesion, cytoskeleton, extracellular matrix, and protein/nucleic acid metabolism were found at considerably higher frequency in Group II (Fig. 3B) Energy metabolism transcripts were more frequently found in Group I clusters (84% of category) (Fig. 3B) , indicating induction as myotubes transition to functional myofibers. Ion channel and transporter genes required by excitable tissues also were more likely to be found in Group I (58% of category) (Fig. 3B ). Most members of this class were not among the CAGED clusters that were rapidly up-or downregulated in postnatal EOM.
Instead, muscle ion channels and binding proteins were modestly upregulated (e.g., two
probes for Cacna1s in clusters I.6 and I.8 and S100a1 in cluster I. (15)). First, we repeated the CAGED analysis with the combined EOM and hindlimb data to identify transcripts that either were dynamically regulated only in the EOM series or exhibited temporal pattern differences between the two muscle groups (i.e., appeared in different CAGED clusters). Second, SOM was used to identify patterned differences in gene expression levels between the EOM and hindlimb profiles, without the CAGED restriction to dynamically regulated transcripts only.
CAGED identified 314 transcripts that were dynamically regulated (mean value for three replicates/age/muscle 2-fold) in EOM, but not in hindlimb, 130 that were dynamically regulated in hindlimb, but not in EOM, and 440 that were dynamically regulated in both muscles, between P0-P45 (Supplemental Figure 1) . Here, we focused upon the 314 transcripts dynamically regulated only in EOM (Supplemental Table 2 ) and 291 transcripts that were dynamically regulated in EOM and hindlimb, but fell into different CAGED clusters (Supplemental Table 3 and Supplemental Figure 1 ), indicating that their postnatal expression patterns were dissimilar. The transcripts identified here represent potential causes or consequences of EOM divergence from the traditional skeletal muscle allotype.
Transcripts were assigned to functional categories (Supplemental Tables 2 and 3 and Figure 4 ). Other than ESTs and unclassified (other) transcripts, the energy metabolism and cell signaling categories best distinguished the EOM and limb allotypes.
SOM then was used to directly compare expression level data between muscle groups (p 0.001, Welch t-test/Welch ANOVA). This approach clustered transcripts using a similarity measure, yielding 15 distinct gene clusters (n = 837 transcripts) meeting criteria for muscle group-specific expression profiles (Supplemental Table 4 ). Four SOM clusters contained transcripts with expression levels for EOM > hindlimb (n = 129 transcripts;
Supplemental Fig. 2, A, E, H, and L) , while expression levels were higher for hindlimb in the remaining eleven clusters. Transcript distribution across functional categories was assessed (Supplemental Fig. 3 ). Transcripts with expression levels in EOM > hindlimb were more frequent among the transcription, cell surface/adhesion, extracellular matrix, channels/transporters, and immune/cell defense categories.
Taken together, CAGED and SOM analyses suggest that the number of transcripts truly unique to the EOM allotype is relatively small. However, nearly one-third of transcripts either detected as differentially regulated by CAGED only in the EOM series or with significantly higher expression in EOM by SOM were ESTs. This finding suggests that there may be more genes with expression confined to EOM than are currently known. Based upon the known genes, data thus far are consistent with the hypothesis that a limited range of tissuespecific mechanisms interact with more subtle differences in generalized skeletal muscle mechanisms to determine the novel EOM phenotype.
Patterned differences between EOM and hindlimb muscles from CAGED and SOM.
We Since prior studies also identified substantial adult EOM-hindlimb differences in energy metabolism (18, 36, 60) , we mapped the normalized microarray signal levels for all enzymes onto glycogen and glycolytic pathways (Fig. 5) . Developmental patterns in rate-limiting enzyme transcripts in glycogen anabolic (glycogen synthase) and catabolic (phosphorylase) pathways were consistent with our failure to detect glycogen deposits in postnatal EOM and with prior data showing that EOM does not use glycogen as a key energy store (18, 36, 60, 75) . Non-muscle isoforms of phosphorylase (Pygl and Pygb) were, however, transiently high in neonatal EOM, a finding that correlates with high glycogen levels in prenatal EOM (unpublished data). Likewise, several glycolytic enzymes and regulators of glycolysis exhibited EOM-hindlimb differences, including EOM utilization of non-skeletal muscle enzyme isoforms for lactic dehydrogenase (Ldhb), enolase (Eno2), and aldolase (Aldoc) and its low expression of 3-phophoglycerate kinase and the skeletal muscle isoform of a key glycolytic regulator, 6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase. The adaptive value of this divergence for EOM, including any efficiency gain from non-muscle enzyme isoforms, is unknown. Finally, genes encoding many lipid transporters and fatty acidoxidation enzymes were either dynamically upregulated only in EOM (e.g., Cd36, Fabp4, Facl2, Cpt1b, and Acadl) or exhibited more dramatic induction in postnatal EOM versus hindlimb (e.g., Hadhb, and Acdml). Two additional fatty acid transport/metabolism transcripts (Decr1 and Apoe) were detected at higher constitutive levels in EOM by SOM. These data suggest that fatty acids may provide an alternative energy source to glycogen in EOM, much like they do in other highly active muscles such as heart and insect flight muscle (21) .
Our expression data also provide evidence for EOM-hindlimb divergence in oxidative energetics, commensurate with the high mitochondrial content of some EOM fiber types that emerges during the time course studied here. In particular, we identified 23 mitochondrial transcripts that either were dynamically regulated in EOM only by CAGED analysis or were expressed at constitutively higher levels in EOM by SOM analysis (Supplemental Table 2 ).
Dynamic regulation of lipoprotein lipase (Lpl) in EOM, but not hindlimb, may be mechanistic in the high mitochondrial content and lipid metabolism of this muscle group, since Lpl overexpression is known to increase both parameters in skeletal muscle (22) . Consistent with the oxidative capacity of the EOM allotype, the higher vascular development in EOM versus hindlimb was supported by higher constitutive levels and/or dynamic regulation of several vasculature-related transcripts only in EOM (e.g., Cldn3, Fbln5, Grn, Hif1a, Klf4, Plcg1, Tf, and Vegfb).
The divergence of EOM from the more traditional skeletal muscles with respect to energy metabolism mechanisms may be directly responsible for its novel response to metabolic myopathies. For example, low reliance upon specific transcripts correlates with EOMs mild or absent responses to glycogen storage disease type 1 (G6pt1), glycogenosis type IX myopathy (Pgk1), and various hereditary and acquired myopathies due to purine nucleotide cycle defects (Ampd1). By contrast, the high mitochondrial content of EOM is associated with substantial allotype sensitivity to accumulation of mitochondrial DNA mutations and the resultant mitochondrial myopathies (28, 47) . Collectively, these correlations of gene expression patterns with disease sensitivity support the hypothesis that allotype-specific traits are determinants of the severity of response to a variety of muscle diseases.
Differences in myosin heavy chain isoform expression were first used to define skeletal muscle allotypes. We used qPCR to validate myosin heavy chain isoform expression patterns detected in postnatal EOM and hindlimb muscle using RMA (Supplemental Figs. 4 and 5). qPCR data were highly correlated with expression patterns obtained from microarray and both were in agreement with prior findings of the developmental regulation of Myh3, Myh8, and Myh13 in adult EOM (6, 81) .
Intrinsic and extrinsic mechanisms in EOM divergence. Given a subset of genes that are preferentially expressed in EOM, promoter analysis can be used to obtain a better understanding of upstream regulatory mechanisms for the novel EOM allotype. We filtered the DNA microarray temporal series for those genes that most clearly distinguished EOM, using the SAM algorithm (117 transcripts; Supplemental Table 5 ). We then analyzed cisregulatory genomic sequence (500 bases upstream of transcription start sites) that was available for 52 known genes in this group. Conserved transcription factor binding motifs among these genes represent putative regulatory mechanisms. Binding sites for 86 different transcription factors were found in 3' sequence of EOM-enriched genes (Supplemental Tables 5 and 6 ). Binding sites for ubiquitously expressed factors, such as heat shock transcription factor (found upstream of transcription start sites for 96% of the 52 genes) and C/EBP (upstream of 44% of genes), were commonly found, while binding motifs for transcription factors known to be active in skeletal muscle were prominent, but encountered less frequently (e.g., Sp1, 31%; Msx1, 23%; Pou2f1, 23%; Usf, 8%, Myog, 6%, and Myod1, 2%).
Consistent with EOM expression of multiple cardiac muscle traits (12, 36, 60) , binding sites for transcription factors known to be active in heart were detected among EOMenriched genes (e.g., Pax4, 62%; Pitx2, 15%; Nkx2.5, 13.5%; Supplementary Table 6 ).
Binding sites for transcription factors that are involved in eye development and/or are responsive to retinoic acid (e.g., Pax2, 25%; Msx1, 23%; Hoxa3, 21%; Znf42, 19%; Pitx2, 15%; Tfap2a, 10%; Pbx1, 8%; Hnf3b, 6%) also were detected at moderate frequency among these EOM-enriched genes. This finding is consistent with both present data and prior reports (12, 35, 36, 60) of enhanced expression of retinoic acid sensitive and ocular development-related genes in EOM. Prior studies also have shown that Pitx2 is essential for heart and eye development and EOM myogenesis (19, 39) (13, 49, 78) .
In typical skeletal muscle, there is no apparent molecular 'master regulator' of specific fiber types (74) . Instead, regulatory mechanisms are multifactorial with contractile and fatigue properties independently determined by and tailored to the functional demands placed upon specific muscle fiber types and/or groups. Based upon our present data, it is probable that the EOM allotype also is the consequence of combinatorial activity of a variety of transcriptional mechanisms, with individual signaling pathways responsible for only a narrow range of traits. Our promoter analysis of a subset of genes with EOM-enriched expression helps narrow the field of candidates that may be involved in allotype regulation.
Conclusions
We have used morphologic and DNA microarray analyses to establish an integrated postnatal profile for EOM development. Based upon the coordinate regulation of these traits with key events in visual, vestibular, and oculomotor system development, we propose a model that the EOM phenotype is a consequence of extrinsic factors, that are unique to its local environment and sensory-motor control system, acting upon a novel myoblast lineage.
Using the CAGED and SOM algorithms, we identified a broad spectrum of differences in postnatal transcriptional patterns of the EOM and limb muscle allotypes along with several differentially regulated transcription factors that may signal allotype specificity. Here, we have highlighted allotype energetics differences, but identified divergence in many other
properties that remain to be further explored.
Collectively, this analysis shows that emergence of the EOM allotype is the consequence of tissue-specific mechanisms that direct expression of a limited number of EOM-specific transcripts and broader, incremental differences in transcripts that are conserved across the two allotypes. We propose that transcriptional mechanisms that are shared by EOM and cardiac muscle (e.g., Pitx2 and Nkx2.5) or EOM and the eye proper (e.g., Pitx2, Pax2, and Tbx15) represent the best candidates for regulation of the EOM allotype. Comparing expression profiles of entire skeletal muscle groups may partially mask the divergence of the EOM and hindlimb by failing to reveal unique combinations of transcripts expressed in specific fiber types. We recently have shown that even the two distinct EOM layers differ in gene expression profiles (35) . Single fiber type expression analysis then is likely to be critical in understanding the heterogeneity of skeletal muscle allotypes. Taken together, these data represent an important first step in dissecting allotypespecific regulatory mechanisms that subsequently may explain the differential sensitivity of the skeletal muscle allotypes to metabolic and neuromuscular diseases. categories (e.g., muscle development/structure, energy metabolism, and immune/cell defense) peaked and then declined before P45. Fig. 3 . Analysis of the postnatal expression series for EOM using the CAGED algorithm. A:
clustering of transcripts with similar expression patterns. CAGED identified transcripts that were dynamically regulated (i.e., changed by 2-fold during time series) in postnatal EOM.
Fold changes (Ln) were calculated against P0 values. Group I clusters were upregulated from birth (note inflection point at P14 for many clusters), Group II clusters were downregulated, and Group III clusters exhibited relatively flat expression patterns. B:
histogram showing gene distribution among functional classes for each of the three Groups. 
